Abstract-We present short cavity erbium/ytterbium fiber lasers that are passively mode-locked with a saturable Bragg reflector. The lasers produce sub-500-fs pulses at fundamental cavity repetition rates as high as 300 MHz. Stable passive harmonic operation increases the repetition rate to 2.0 GHz. The mode-locking mechanism in both the normal and anomalous group velocity dispersion regimes is investigated using complete analytical and numerical models and direct comparison with the experimental results. A simple technique for accurately measuring the total cavity dispersion is presented.
I. INTRODUCTION
H IGH-SPEED optical networks require sources producing ultrashort pulses at ever increasing repetition rates and average output powers. The 1550-nm wavelength region in silica fiber represents the lowest attenuation window where efficient, nearly quantum limited amplification is provided by Er-doped fiber amplifiers and soliton pulse propagation is supported. To be practical, these sources must be compact, reliable and require minimal power consumption. Mode-locked Er-doped fiber lasers, currently the subject of much research, provide potentially attractive short pulse sources possessing some key advantages over modulated continuous-wave (CW) sources including large optical bandwidths, high intensities and powers, short coherence lengths and high timing stability. The spectral bandwidth generated from a single modelocked source can be partitioned to form a large number of wavelength-division multiplexed (WDM) channels, which may be economically advantageous over employment of multiple, individually selected distributed-feedback (DFB) lasers [1] . For applications in practical communication systems, modelocked fiber lasers must demonstrate reliability and preferably be composed entirely of standard telecommunications certified components.
The mode-locking mechanism is central to the development of a competitive source. Several groups have successfully demonstrated passively mode-locked fiber lasers employing additive-pulse mode-locking (APM) which converts nonlinear self-phase modulation (SPM) into ultrafast amplitude modulation via an interferometer, as in the figure eight laser [2] - [8] . Another technique employs nonlinear polarization evolution in conjunction with a polarizer which also provides ultrafast amplitude modulation [9] . These mode-locking mechanisms are analogous to a fast saturable absorber and have typically been demonstrated in long length cavities (4-100 m), which can suffer from amplitude and timing jitter induced by environmental instabilities [10] . Fiber lasers have also been passively mode-locked in linear cavity configurations employing a semiconductor structure as the fast saturable absorber [11] , [12] . The recently demonstrated saturable Bragg reflector (SBR) provides a self-starting mode-locking mechanism with minimal loss enabling efficient femtosecond mode-locking of low-gain lasers [13] - [16] . Because of this efficient modelocking mechanism, a minimal amount of gain fiber and intracavity power is required. This allows the construction of shorter fiber laser cavities with higher fundamental repetition rates capable of generating subpicosecond pulses. This is the motivation behind the short (30-200 cm) fiber lasers discussed in this paper, which produce stable, self-starting high repetition rate pulse trains with wide optical bandwidths providing promising sources for high-speed TDM/WDM networks.
In this paper, we present several fiber lasers of various lengths mode-locked with SBR's with cavity dispersions in both the normal and anomalous (soliton) regimes. We also demonstrate passive harmonic mode-locking which produces stable, multigigabit femtosecond pulse trains. We study the dynamics of the SBR and mode-locking mechanism both experimentally and theoretically for several cavity configurations. Our model accounts for the formation dynamics of the pulse and its interaction with the SBR. Three separate time constants are used to model the SBR: an instantaneous response, a slow saturated response and a relaxation time. The overall temporal response of the SBR model closely matches experimental measurements obtained with pumpprobe experiments. Our general mode-locking model predicts both the temporal and spectral pulse profiles with remarkable accuracy. We also present a simple method for accurately measuring the total group velocity dispersion of a complete fiber cavity. Finally, we demonstrate the expansion of the pulse's optical bandwidth to 22 nm by employing SPM. This results in a source suitable for WDM applications with a spectrum covering most of the standard Er-amplifier gain spectrum.
II. GENERAL DESCRIPTION OF THE ERBIUM FIBER LASER
The linear cavity of this fiber laser consists, in general, of Erbium/Ytterbium (Er/Yb) co-doped single-mode fiber [17] and standard telecommunication single-mode fiber (SMF), (Lucent 5D or Corning SMF-28) spliced in a linear configuration as shown in Fig. 1 [13] . For some cavities, dispersionshifted fiber (DSF) is spliced into the cavity to increase the cavity length without significantly altering the total cavity dispersion. The length of the Er/Yb fiber is chosen to maximize the saturated gain at wavelengths greater than 1550 nm (typically around 15 cm) and is pumped by a grating stabilized fiber-coupled 90-mW InGaAs diode (SDL BF-SWA0980SDL1190AB) operating near 980 nm. The fiber at one end of the cavity is connectorized with a standard FC connector and a 99% broad-band dielectric output coupler, centered at 1550 nm, is deposited directly onto the polished surface of both the connector ferrule and fiber. This coated connector is coupled with a standard FC coupling sleeve to a second uncoated connector to allow pumping and output coupling through the dielectric coating ( 90% transmitting at the pump wavelength). A wavelength division multiplexer separates the output coupled light from the incident pump light as shown in Fig. 1 providing a fiber port for the laser's output. The other end of the fiber cavity is cleaved and butt-coupled to the SBR. The structure of the SBR is shown in Fig. 1 and consists of a Bragg reflector of alternating quarter-wave layers of GaAs and AlAs with two InGaAs-InP quantum wells grown near the surface of a half-wave strain relief layer. The Bragg reflector has a reflection bandwidth of approximately 150 nm centered about 1550 nm and a (saturated) reflectivity exceeding 99.5%.
The SBR and similar quantum well structures have been used to mode-lock several solid state lasers and provide timing stabilization to harmonically mode-locked fiber lasers [11] - [16] , [18] - [26] . Mode-locking of a laser by means of a passive saturable absorber requires an intensity dependent temporal response [27] . In the case of the SBR and other semiconductor saturable absorbers containing quantum wells, both resonant and nonresonant nonlinear absorption effects in the quantum wells can have sufficient ultrafast time responses required to initiate and sustain mode-locking [16] , [28] . Resonant absorption effects involve real carrier excitation with recovery times generally greater than 10 ps, causing the quantum well structure to act as a slow saturable absorber. However, intraband carrier-carrier scattering and thermalization processes (i.e., carrier-phonon scattering) can provide a sub-picosecond fast component to the absorption recovery [16] . Near-resonant band edge effects, such as the ac Stark effect, which are nearly instantaneous with the onset of the pulse, can have recovery times of less than 100 fs [28] - [29] . This subpicosecond recovery time of the quantum wells corresponds to an fast increase in the absorption of the quantum wells, and hence, a fast decrease in the reflectivity of the semiconductor structure after the onset of its interaction with the pulse. This mechanism creating an ultrafast temporal window offers the least loss to the shortest pulse [16] . Typically, both resonant and nonresonant effects are present and contribute to the initiation of the mode-locking and the steady-state operation of a laser mode-locked with a SBR or a similar semiconductor saturable element. Fig. 2 shows a typical autocorrelation and optical spectrum of the mode-locked output.
The excitonic absorption of the quantum wells in the SBR designed for the fiber laser presented here is centered around 1540 nm. The fiber laser typically operates at a center wavelength above 1545 nm such that the nonlinear interaction is primarily nonresonant. A pump-probe technique was used to measure the nonlinear reflectivity response of the SBR (10 quantum wells) utilizing 170-fs pulses at several central wavelengths. The ultrafast response is shown in Fig. 3 . Note that the 170 fs fast component of the reflectivity response is approximately the length of the measurement pulse. Furthermore, the shortest fast component occurs at a wavelength of 1550 nm, slightly longer in wavelength than the center of the excitonic absorption. The 14 ps slow component, caused by the relaxation of excited real carriers, indicates the presence of resonant interactions. The fast (femtosecond) component of the reflectivity, clearly seen in Fig. 3 , essentially opens an ultrafast low-loss temporal window and is the mode-locking mechanism offering the least loss to the shortest pulse [16] .
Since the cavity consists entirely of optical fiber, both group velocity dispersion and SPM play important roles in pulse shaping [30] . For pulse propagation in a medium of normal dispersion (D 0 ps/nm/km), the dispersion acts to broaden and chirp the pulse while SPM acts independently, to shape the pulse's optical spectrum. However, in the case of anomalous dispersion (D 0 ps/nm/km), the two effects can balance each other such that a stable temporal optical soliton is formed [30] , [31] . The presence of both dispersion and SPM is a dominant source of pulse shaping effects in a mode-locked laser cavity and must be properly managed for stable operation. Propagation of the fundamental soliton in the anomalous dispersion regime has the desirable properties of stability against small perturbations, production of transformlimited pulses and quantization of the product of the pulse's energy and pulsewidth. This quantization effectively causes the pulse to continuously alter its width and energy attempting to achieve the proper width and energy of a fundamental soliton [32] , [33] . For this laser, the Er/Yb gain fiber has a dispersion value of 9 ps/nm/km at 1550 nm and SMF has a value of 16 ps/nm/km allowing the sign and magnitude of the total dispersion of the cavity to be varied in both the normal and anomalous regimes simply by changing the relative lengths of each type of fiber used in the cavity. The operation of the laser is very different in the two dispersion regimes and will be discussed both experimentally and theoretically. DSF (approximately zero dispersion) is also used for cavity length variation with minimal alteration of the total cavity dispersion.
To maximize the saturated gain in the Er/Yb fiber for longer wavelengths, the length of the Er/Yb fiber is optimized due to the tradeoff between the gain offered in the front or pumped end of the Er/Yb fiber and the reabsorption in the tail or unpumped region. Due to unequal saturated gain and absorption responses of the fiber versus wavelength, the spectral region of operation is chosen by tailoring this ratio. This is done experimentally by changing the length of the Er/Yb fiber for a given pump intensity and wavelength. For this laser, the Er/Yb fiber length is chosen for operation about 1560 nm, typically between 15 and 20 cm and is determined with a simple cutback method.
We have designed all of the fiber lasers presented here with telecommunication quality components. In particular, the pump diodes (SDL) have a failure rate of 300 devices in 10 device hours. The SBR mode-locking mechanism provides stable mode-locking for low intracavity powers allowing the use of these reliable, low power diode pumps. This is in comparison to fiber lasers utilizing other mode-locking mechanisms with large intracavity losses that require larger intracavity powers, and hence, high-power pump lasers with significantly less reliability.
III. EFFECT OF THE EXCITON ENERGY ON THE MODE-LOCKING DYNAMICS
The peak energy of the quantum-well exciton can be tuned by changing the temperature of the sample with an approximate energy shift of 0.4 meV/C. This allows us to vary the interaction between the quantum wells and the laser pulse by moving the exciton wavelength with respect to the optical spectrum. As discussed in Section II, the nonlinear interaction between the pulse and quantum wells occurs through both resonant and nonresonant ultrafast interactions. It is observed that the most stable and shortest pulses are obtained when the center wavelength of the optical spectrum of the pulses is slightly longer than the peak wavelength of the exciton absorption, i.e., the interaction is primarily nonresonant [16] .
For this experiment, a SBR with an exciton absorption wavelength centered around 1500 nm was fabricated such that the exciton absorption wavelength could be shifted (with heating) to longer wavelengths toward center of the laser's spectrum. Fig. 4 shows the laser spectrum and approximate exciton absorption for various temperatures of the SBR. In the case where the exciton absorption is well separated from the operating wavelength of the laser ( 26 C), no mode-locking occurs. As the temperature increases, the detuning decreases and the degree of interaction between the pulse and the quantum wells increases. With a smaller amount of interaction (SBR temperature 26 C-100 C), weaker mode-locking produces a narrow and noisy optical spectrum as seen in Fig. 4 . The greatest optical bandwidth and stability occurs where the wavelength of the exciton absorption is slightly shorter than the center of the optical spectrum (SBR temperature 140 C). Here, the bulk of the optical spectrums just below the exciton absorption and thus, subjected to the nonresonant saturation dynamics of the quantum wells. Since the nonresonant saturable absorption is strongest at wavelengths slightly longer than the peak of the exciton absorption, a pulse with a center wavelength slightly longer than the wavelength of the exciton absorption experiences the most nonlinear saturable absorption [28] , [29] . This corresponds to the wavelength separation incurring the strongest mode-locking mechanism. This behavior is supported by the results in Fig. 3 , where the shortest and largest relative response occurs at approximately the same detuning of the exciton absorption from the center of the laser spectrum. Note that the center of the exciton absorption for the SBR used in the pump-probe experiment is approximately at the same wavelength as the SBR at 140 C in Fig. 3 .
IV. EFFECT OF CAVITY DISPERSION
AND LENGTH (EXPERIMENTAL) In this section, we investigate the effect of cavity dispersion on the characteristics of the ultrashort pulses generated with the SBR-mode-locked fiber lasers. We have constructed three cavities with different net dispersions by adding three types of fiber, dispersion compensating fiber (DCF, D 51.6 ps/nm/km), DSF and SMF (D 16 ps/nm/km), to the basic laser cavity shown in Fig. 1 .
A. Normal Dispersion Regime
To study the laser's operation in a regime of normal dispersion, we built a cavity with 13 cm of SMF (output coupling end of cavity), 19 cm of Er/Yb fiber and 200 cm of DCF (butt-coupled to SBR). For this cavity, we observe the formation of a very stable pulse train with a squareshaped optical spectrum (see Fig. 5 ). For 200 cm of DCF, the spectrum is centered around 1535 nm corresponding to the first gain peak of the Er/Yb fiber where the small signal gain is largest. Decreasing the length of the DCF and hence the cavity losses (the loss of the DCF is estimated to be 10 dB/km), drives the gain deeper into saturation This tends to shift the spectrum toward longer wavelengths where the saturated gain is larger (although the small signal gain is smaller) as discussed in Section II. With a final DCF length of 95 cm, the average cavity dispersion is 38 ps/nm/km. In this situation, the pulses are measured to be 16 ps [full-width at half-maximum (FWHM)] with a 40-MHz repetition rate. The output power is 250 W.
B. Anomalous Dispersion (Soliton) Regime
For operation in the anomalous dispersion regime, the length of the SMF is increased to 26 cm and 160 cm of DSF is added to conserve the total cavity length. The average dispersion is 2.76 ps/nm/km and 410-fs pulses are generated (see Fig. 2 ) at a 50-MHz fundamental repetition rate. The average output power is again 250 W with 12 nm of optical bandwidth centered about 1560 nm (shown in Fig. 2) . The time-bandwidth product is 0.62, (twice the transform limited value assuming a pulseshape) indicating that the pulses are not transform-limited.
Eliminating the DSF from the cavity, the laser operates at a 200-MHz fundamental repetition rate with an average cavity dispersion of 5.3 ps/nm/km. The pulse characteristics are unchanged and the optical spectrum displays no resonant sidebands. However, replacement of the DSF with 150 cm of SMF increases the average cavity dispersion to 14.1 ps/nm/km and sidebands emerge in the spectrum symmetric about the peak (see Fig. 6 ). As in other fiber lasers operating with comparably high anomalous cavity dispersion, sidebands are produced by periodic perturbations to the pulse which lead to coherent shedding of light into a nonsoliton CW background [34] . As verified in this fiber laser cavity, the presence of the sidebands can be avoided by reducing the average cavity dispersion and size of dispersion perturbations. 
V. HIGHER FUNDAMENTAL REPETITION RATES
High-repetition rates are a requirement for many potential applications of mode-locked lasers. This is particularly true in optical communications where the repetition rate typically determines the data rate [1] .
Using active harmonic mode-locking, it is possible to achieve high-repetition rates. However, with active modelocking alone, it is very difficult to obtain subpicosecond operation. Several designs have, therefore, incorporated both active mode-locking and passive pulseshaping [33] , [35] - [38] . Additionally, supermode competition in harmonically modelocked lasers can result in noisy, unstable pulse trains. Consequently, additional stabilization techniques must often be employed [36] , [37] . In the laser described here, stable passive harmonic mode-locking has been observed (see Section VIII), although the mechanisms causing the stable operation are not currently completely understood.
It is also advantageous to be able to operate at repetition rates that match standard communications bit rates. Hence, we have built a mode-locked fiber laser that operates at a repetition rate of 155.4 MHz (the OC-3 standard is 155.52 MHz). The basic laser design is the same as described in Section II, with three sections of fiber and a net cavity length of 65.7 cm. The first and third sections of standard SMF are approximately equal in length and the center section is 20 cm of Er/Yb fiber. With careful trimming of the fiber cavity length, it is possible to tune the repetition rate to within 200 kHz (mm tolerance in the length). The laser is pumped at 983 nm by a 90 mW diode, however, only 35-40 mW of pump power are typically used. Multiple pulsing occurs at higher pump powers and a smaller optical bandwidth is produced at lower pump powers. At an optimal pumping level, this laser produces 150 W of output power with a bandwidth of 10.1 nm centered about 1561 nm (see Fig. 7 ). This laser is self-starting and with proper mechanical design, stable for long periods of time.
It is desirable to achieve even higher fundamental repetition rates. There are two factors that provide a practical upper limit on the repetition rate. The first is simply the length of gain fiber required to provide sufficient gain to overcome cavity losses, which are independent of cavity length (output coupling, SBR coupling and splices). We find that approximately 10 cm of Er/Yb fiber is necessary to overcome these losses in the current design. The other factor is the need to maintain net anomalous dispersion in the cavity as soliton pulse shaping is crucial for obtaining subpicosecond pulses (see Sections IV and VI). Since the gain fiber has normal dispersion ( 9 ps/nm/km), it is typically necessary to have approximately twice as much standard fiber ( 16 ps/nm/km) as gain fiber. These factors limit the fundamental repetition rate to around 300 MHz for the current design.
For many applications it is necessary to lock the repetition frequency of the laser to an external reference in addition to synchronizing the phase of the output pulse train with that of the reference. By using a combination of a piezoelectric fiber stretcher and a heater wire coiled around the fiber of a section of the laser cavity correcting for fast and slow cavity length variations, respectively, we have managed to synchronize a fiber laser with an external reference for time periods longer than 24 h. Synchronization with timing jitter of 40 ps or less has been achieved in lower repetition rate mode-locked fiber lasers of different designs [39] .
VI. ANALYTIC AND NUMERICAL MODEL
OF THE MODE-LOCKING DYNAMICS In this section, we highlight the modeling issues important for an analytic understanding of the laser mode-locking dynamics. We describe a model that couples an accurate description of the pulse dynamics in the fiber with a phenomenological description of the SBR dynamics predicting results quantitatively consistent with the experimentally observed behavior. We begin by considering a propagating pulse in a laser cavity under the influence of the Kerr nonlinearity, dispersion, loss, and a parabolic gain bandwidth and which is governed by the modified nonlinear Schrödinger equation (Ginzburg-Landau equation) [40] , [41] : (1) Here, is the electric field envelope, is the physical time in the rest frame of the pulse and is the propagation distance. The Kerr coefficient of the fiber is taken to be 2.6 10 cm /W, the effective cross-sectional area 60 m , and 0.0230 km which corresponds to a power loss of 0.20 dB/km. is the average cavity dispersion (in ps/km/nm), is the gain bandwidth of the fiber, and 1550 nm and are the vacuum wavelength and speed of light, respectively.
The gain in the fiber is incorporated through the parameter . We model the saturated gain in the fiber by setting [40] ( 2) where is the saturation energy of the fiber, is the saturated gain, and is the pulse energy.
The mode-locking action of the SBR is incorporated via an empirical model of its nonlinear temporal response (discussed in Section II). The reflectivity response of the SBR is treated as a jump condition to the propagation (1) and includes a "fast" component representative of the nonresonant interactions and a "slow" component, representative of the real transitions [14] , [16] , [28] . The combined response can be described by the jump condition [40] (3) where denotes the pulse before ( ) and after ( ) interaction with the SBR, is the decay time of the SBR slow response, is the intrinsic loss of the SBR, measures the relative strength of the instantaneous SBR response and is the relative strength of the corresponding slow saturation response. Note that gives the power maximum and its relative position, and is the standard Heaviside function for which 0 for 0 and 1 for 0. The jump condition (3) is a phenomenological idealization of the interaction dynamics of the SBR with the electric field near steady-state mode-locking [40] . In Fig. 3 , we compare this simple SBR model with pump-probe measurements assuming a hyperbolic secant pulse in (3), 14 ps, 0.005 for a saturated reflectivity of 99.5%, and 0.65 where is the maximum change in reflectivity of the SBR. We estimate from experiments that the maximum change in reflectivity is 2% so that 2% and 1.3%. Finally, the output coupler can be similarly incorporated into the numerical model by simply implementing the appropriate jump condition (4) where is the reflectivity of the output coupler. Equations (1)- (4) provide a numerical model capable of describing the mode-locking dynamics. We can extend this model by incorporating the effects of the SBR and output coupler into the evolution (1) by an appropriate averaging procedure [40] . This leads to the averaged evolution equation:
where . Equation (5) is the analog of Haus' master mode-locking model [41] with some significant differences due to the normalization of the instantaneous response and the addition of the slow response. In the case where the SBR has no slow response, i.e., 0, (5) admits an exact solution of the form [40] ( 6) where the parameters and are determined from a system of nonlinear algebraic equations.
In the numerical simulations that follow, 1.3% 0. Thus, special care must be taken to incorporate the effective contribution of the slow response to the parameters of (6) [40] . We test the above models by considering the modelocking dynamics in the normal dispersion regime. For this case, the experimental laser cavity consists of 19 cm of Er/Yb fiber, 13 cm of SMF and 95 cm of DCF giving an average cavity dispersion of 38 ps/km/nm and a saturated intracavity power measured experimentally at 21.3 mW. We assume the fiber has a 25-nm gain bandwidth and take the initial energy to be half the saturated energy of the cavity. In Fig. 8 , we compare experimental pulse profiles and optical spectra with the steady-state (numerical) solutions of the full governing equations (1)- (4), the averaged evolution (2) and (5), and the analytic solution (6) .
Similarly, we consider the case for which the average dispersion in the fiber cavity is in the anomalous regime. In this case, the cavity consists of 17 cm of Er/Yb fiber and 24-and 49-cm sections of SMF giving an average dispersion value of 12 ps/km/nm. The output coupling is 2% and the intracavity power is estimated from measurements to be 10 mW. We take an artificially large gain bandwidth of 45 nm. This is needed since the gain profile is considerably flatter than the parabolic shape assumed in the model. The steady-state bandwidth is a result of the interplay between the broadening and restriction of the bandwidth, due to the SPM and gain, respectively. The validity of the proposed evolution model is again tested by comparing predictions directly to experimental results. In Fig. 9 , we compare the predictions of the model with experimental output profiles for the anomalous dispersion case in the manner of Fig. 8 .
The comparisons between theory and experiment show that the model provides a quantitatively accurate method for exploring the mode-locking dynamics. Furthermore, it elucidates the essential role of the nonresonant temporal response in driving the mode-locking. A comprehensive treatment of the above model and associated dynamics can be found in Kutz et al. [40] .
VII. NONLINEAR SPECTRAL BROADENING
Many applications require a broader spectrum than can be obtained directly from the fiber lasers described here. For example, a source for a communications system should fill the gain bandwidth of standard erbium amplifiers ( 25 nm). For all lasers presented here, output bandwidths greater than 12 nm could not be produced. To achieve a larger bandwidth, we amplify the oscillator output and launch it into fiber of low normal dispersion. The resulting SPM of the short pulse in the low-dispersion fiber produces spectral broadening. This is similar to supercontinuum generation [42] , which has been used to obtain a broad spectrum from mode-locked fiber lasers. However, by using shorter pulses and lower average powers so that SPM is the dominant nonlinear process, we obtain a stable output spectrum that is relatively flat over the region of interest. Nonlinear spectral broadening is less stable for larger broadening ratios (final to initial bandwidth). As we are only increasing the spectral width by approximately a factor of 2, we obtain a very stable output spectrum, whereas the results for supercontinuum generation are less stable due to the large broadening ratio. Supercontinuum generation tends to have greater spectral structure due to the increased significance of additional nonlinear effects.
To obtain a high enough intensity so that significant broadening is produced, the output of the oscillator is amplified in an erbium fiber amplifier consisting of 28 m of erbium doped gain fiber [43] , forward pumped by a 90-mW diode (SDL). An output power of 8.7 mW is obtained for an input of 120 W. Because the gain fiber has large normal dispersion, it is necessary to precompensate for this dispersion by passing the pulses through 130 m of SMF before the amplifier. This results in an output pulse with a small anomalous chirp. The pulse then undergoes compression and SPM in 100 m of fiber with small normal dispersion near 1550 nm ( 1575 nm), producing spectral broadening from an input FWHM of 9.5 to 17 nm at the output (see Fig. 10 ). At this point, the pulse has a small normal chirp, such that launching it into SMF causes temporal recompression and additional SPM, yielding a final spectral width of 22 nm.
VIII. PASSIVE HARMONIC MODE-LOCKING
The quantization of the cavity energy into fundamental solitons provides a passive method for controlling the number of pulses circulating in the cavity by adjustment of the energy in the cavity [44] . Limits on the pulsewidth arising from the available gain bandwidth or mode-locking mechanism are important for determining the number of pulses in the cavity. Without these constraints, increasing the energy in a single fundamental soliton would simply decrease the pulsewidth according to standard soliton theory [30] . However, the finite gain bandwidth puts a lower bound on the pulsewidth by limiting the optical bandwidth. Likewise, the mode-locking mechanism which offers less loss to a shorter pulse creates a "soft" upper bound on the pulsewidth. For these reasons, multiple pulsing occurs, in general, for cases where the cavity energy is greater than twice the energy of the gain bandwidthlimited single fundamental soliton pulse. Due to the strong soliton pulse shaping effects determined by the cavity, all pulses in the cavity are typically of the same energy and pulsewidth. Equal spacing of the pulses is believed to be the result of gain saturation dynamics.
For achieving higher repetition rates, a cavity consisting of a single span of 22.3 cm SMF and 12.5 cm Er/Yb fiber was constructed with a 290-MHz fundamental repetition rate. The Er/Yb fiber was butt-coupled to the SBR. Harmonic modelocking was observed with up to seven equally spaced pulses in this cavity resulting in a repetition rate of 2.1 GHz. Fig. 11 gives the RF spectrum of the output measured with a fast photodiode, showing at least 30 dB suppression of lower cavity harmonics. The pulsewidth is about 350 fs with 11 nm of optical bandwidth. Decreasing the pump power causes a systematic decrease in the number of pulses in accordance with the energy quantization provided by the soliton dynamics as illustrated in Fig. 11 . The most stable harmonic mode-locking and correspondingly best suppression of lower cavity harmonics in the RF spectrum typically occurs near the midpoint of the pump current necessary to sustain a given number of pulses, consistent with behavior observed in similar passive systems [26] . Unlike harmonically mode-locked fiber lasers with considerably lower fundamental repetition rates ( 20 MHz) , where on the order of 100 pulses are necessary to achieve a 2-GHz repetition rate [25] , [45] , small pump fluctuations do not lead to changes in the number of pulses due to the large ratio of the single-pulse energy to the total cavity energy.
Timing jitter in passive harmonically mode-locked lasers arises from additional sources, relative to nonharmonically mode-locked lasers, due to the ability of the multiple pulses to randomly walk in time with respect to each other. Similar to a soliton transmission line, timing jitter occurs due to the Gordon-Haus effect [46] . The Gordon-Haus timing jitter is caused by periodic amplitude fluctuations, that when coupled with propagation in media of differing dispersion, contribute to timing shifts. The excitation of acoustic modes of the fiber by the solitons leads to index fluctuations which also contribute further phase noise and timing jitter [47] - [49] . The temporal jitter of the laser operating at 2.1 GHz was measured by analysis of the RF spectrum of the laser's output [50] and found to be less than 1.5 ps over a 1-kHz frequency range. Subpicosecond jitter has been reported in other passive harmonically mode-locked lasers and mechanisms such as soliton-soliton interactions due to the acoustic effect and phase modulation occurring in a semiconductor saturable absorber are believed to be stabilizing effects [25] , [26] . Recently, Grudinin suggested that fluctuations in the cavity length can provide effective phase modulation, reducing the temporal jitter [45] . The mechanism producing the reduced temporal jitter in this laser is currently under investigation. Since the slow recovery of the SBR used in this fiber laser has been measured to be 14 ps, phase modulation in the SBR is not believed to be significant.
IX. CONCLUSION
We have presented short cavity passively mode-locked Er/Yb fiber lasers and have investigated the mechanisms governing their operation. We have included a theoretical model that quantitatively predicts the steady-state mode-locked laser output for both normal and anomalous dispersion regimes and have demonstrated harmonic operation resulting in a 2-GHz repetition rate.
APPENDIX TECHNIQUE FOR MEASURING THE TOTAL CAVITY DISPERSION
Measurement of the total cavity dispersion is useful since the dispersion of the high loss Er/Yb fiber cannot be measured by a conventional time-of-flight technique. We have also found that in a short ( 1 m) piece of standard fiber, the dispersion can differ significantly from the average value obtained with a measurement of the entire several kilometer spool. This Fig. 13 . Typical normalized optical spectrum measured out one port of the interferometer is shown in the bottom curve. The plot of the associated phase (crosses) created by locating each peak and valley of the normalized spectrum and assigning the proper phase value is shown The fit of the theory used to determine 2 is superimposed (solid line).
technique described here uses a balanced Michelson interferometer illuminated with a broad-band source and allows the measurement of the total dispersion in a complete fiber laser cavity (see Fig. 12 ) [51] - [53] . One arm of the interferometer is free space and the other is the laser cavity under test. Both arms are terminated with a broad-band mirror. Injecting light into one port of the interferometer, the intensity at the other port can be written (7) (8) where and represent the respective electric fields and propagation constants along the free space and fiber arms, is the optical angular frequency, and and are the respective lengths of the free space and fiber arms. Expanding about becomes (9) where is a constant, is the speed of light in vacuum, is the total group velocity dispersion and is the third order dispersion of the fiber cavity. By adjusting the length of the free space arm such that , the phase difference between and is reduced to terms of second order and higher in the frequency difference. The spectrum of the light at the output port contains nulls at frequencies where ( is an integer) and peaks where as shown in Fig. 13 .
The experimental setup is shown in Fig. 12 . A 3-dB fiber coupler serves as a beam splitter with the fiber pigtails of both interferometer arms cut equal to approximately a 1-mm tolerance in order to avoid any dispersive contribution from the pigtail fibers. This assumes equal amounts of dispersion in both fiber pigtails, which was measured to be the case. The bare fiber end of the cavity is spliced to one of the fiber pigtails and the output of the other pigtail is collimated and propagated through a variable length free space region approximately equivalent to the optical length of the fiber cavity. A fiber coupled broad-band LED (60-nm FWHM centered at 1515 nm, MRV Technologies) producing 30 W is injected into one port of the 3-dB coupler and the output of the other port is monitored with a high dynamic range optical spectrum analyzer. Normalization of the light from the output port with respect to the spectrum of the LED gives a typical pattern shown in Fig. 13 . The magnitudes of and at are found by determining the optical frequency in which each peak and valley occurs, constructing the corresponding phase difference versus frequency plot (Fig. 13 ) and fitting the measured phase difference to . Measuring the delay of the free space arm at each and determining the sign of the slope of this delay with respect to optical frequency gives the sign of . Figs. 13 and 14 include a typical fit and measurement results of a 270-MHz cavity. The error in is estimated to be 0.05 ps /km. His research is concentrating on passively modelocked ultrafast solid-state and fiber lasers and optical nonlinearities.
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